Abstract. Iodine is commonly used as a contrast agent in nonmedical science and engineering, for example, to visualize Darcy flow in porous geological media using X-ray computed tomography (CT). Undesirable beam hardening artifacts occur when a polychromatic X-ray source is used, which makes the quantitative analysis of CT images difficult. To optimize the chemistry of a contrast agent in terms of the beam hardening reduction, we performed computer simulations and generated synthetic CT images of a homogeneous cylindrical sand-pack (diameter, 28 or 56 mm; porosity, 39 vol.%) saturated with aqueous suspensions of heavy elements assuming the use of a polychromatic medical CT scanner. The degree of cupping derived from the beam hardening was assessed using the reconstructed CT images to find the chemistry of the suspension that induced the least cupping. The results showed that (i) the degree of cupping depended on the position of the K absorption edge of the heavy element relative to peak of the polychromatic incident X-ray spectrum, (ii) 53 I was not an ideal contrast agent because it causes marked cupping, and (iii) a single element much heavier than 53I (64Gd to 79Au) reduced the cupping artifact significantly, and a four-heavy-element mixture of elements from 64Gd to 79Au reduced the artifact most significantly.
Introduction
X-ray contrast agents are used to enhance differentiation among different phases in samples [1] . Iodine, with its large atomic number (Z), is one of the most commonly used contrast agents in nonmedical science and engineering. For example, it is used in laboratory experiments by means of medical and microfocus X-ray computed tomography (CT) systems to help visualize the flow or diffusion of fluids in complex, porous geological media [2] [3] [4] [5] . Humans and animals have a low density (≈1-2 g/cm 3 ); however, porous geological media generally have a much higher density (≈2-4 g/cm 3 ), which means that a pore fluid with an iodine concentration much larger than that needed for the CT measurements of humans and animals must be used (e.g., a KI solution of 0.6 mol/L [2] ).
High-concentration contrast agents enhance beam hardening when a polychromatic X-ray source is used. As the polychromatic X-ray beam passes through a sample, the X-ray spectrum becomes harder (i.e., its mean X-ray energy increases), because the lower-energy photons are absorbed more rapidly particularly by the contrast agent compared with the higher-energy photons. The obtained projection (i.e., logarithmic attenuation) is no longer a linear function of the sample thickness. This beam hardening yields the following artifacts in the reconstructed CT images [6] [7] [8] [9] : cupping (a profile of the voxel values across a homogeneous sample displays a characteristic cupped shape); dark streaks between two objects having strong X-ray attenuation coefficients. The beam hardening artifact is useful for limited applications [10, 11] . In most cases, however, the artifact is undesirable because the spatial distribution of the voxel values in a homogeneous sample is distorted to be heterogeneous. Example includes CT image-based calculations of the relative permeability curve and residual oil saturation [12] by means of the partial-volume effect [13] [14] [15] in two-phase Darcy flow experiments [3, 4, 15] .
Conventional techniques to reduce beam hardening include modifying the X-ray projection data or reconstructed images [8, [16] [17] [18] [19] , or using a metal filter [20, 21] or dual-energy X-ray source [9, 22] . However, these techniques have some critical drawbacks. Modification of the projection data or reconstructed images distorts the voxel values of CT images, which is undesirable in material identification studies [10, 23, 24] . Furthermore, some modification methods assume that the sample is homogeneous and/or that data on the density and chemistry of the sample are readily available, which is not always true for heterogeneous or complex geological samples; other methods require complicated digital processing of the projection data and images that takes a considerable amount of CPU time. The use of metal filters reduces X-ray intensity and increases random noise in the reconstructed images. Dual-energy X-ray CT is time-consuming compared with single-energy CT, and its use is not appropriate to the monitoring of rapidly changing phenomena within samples; it also reduces the potential lifetime of the expensive X-ray tube and detector.
An alternative to the methods mentioned above is to choose a contrast agent with a specific atomic number [25, 26] . Nakashima [27] found that an aqueous solution of 74 W significantly reduces beam hardening in geotechnical CT experiments compared with 53 I, suggesting that elements heavier than iodine may be promising for nonmedical research. To examine the feasibility of this method, we performed a series of CT simulations. The simulations mimic the cupping artifact which often occurs in the CT images of homogeneous porous geological samples saturated with heavy element-bearing fluids [4, 27] . Assuming the use of a polychromatic medical CT scanner, synthetic CT images were reconstructed for porous sand-pack samples saturated with aqueous suspensions of various concentrations of different heavy elements. The degree of cupping derived from beam hardening in the synthetic CT images was quantitatively assessed to find the heavy-element suspension that induced the least cupping.
CT simulations

Basic principles
For a porous sample saturated with a contrast agent to be beam hardening-free, it should have a flat, or energy-independent, X-ray linear attenuation coefficient (LAC) spectrum. However, the LAC spectrum of a saturated geological sample with iodine is far from flat ( Fig. 1, purple line) , yielding considerable beam hardening. Contrast agents containing a heavy element whose K absorption edge is located near the peak of the polychromatic X-ray source spectrum of Fig. 1 , induce less beam hardening because the abrupt increase in the LAC value at the K absorption edge flattens the LAC spectrum [10, 26] . This suggests that a contrast agent better than iodine can be expected among the heavy elements whose K absorption edge is located closer to the peak of the polychromatic X-ray source spectrum. Furthermore, a selected mixture of heavy elements with different K absorption edges may yield an even flatter LAC spectrum (Fig. 1, red and green lines) compared with a contrast agent containing a single heavy element.
Here, we used computer simulation to search for the contrast agent that induces the least beam hardening (cupping). We prepared a range of virtual contrast agents by mixing heavy elements in different weight fractions and suspending them in bulk water, and injected them into virtual porous geological samples. This process mimics the sample preparation for the laboratory CT experiments of Darcy flow in porous geological samples [4, 15, 27] . Two-dimensional (2-D) CT images of the porous geological samples saturated with the various contrast agents were reconstructed assuming the use of a polychromatic medical CT scanner. Line profiles of the voxel value were collected, and the degree of cupping artifact in the homogeneous sample images was quantitatively analyzed. Through trial and error, we determined the chemical composition of the best contrast agent for the virtual sample examined. The best contrast agent was considered the heavy element-bearing aqueous suspension that induced the least cupping artifact in the line profile analysis of the CT images. Note that we did not directly pursue the geometrical flatness of the LAC spectrum of Fig. 1 because sample size, which is an important factor affecting cupping, is not accounted for in the LAC spectrum.
Simulations
Toyoura sand from Yamaguchi, Japan, which is a common standard sand used in geotechnical research [27, 28] , was chosen as the virtual geo-material for this study (grain density, 2.65 g/cm 3 ; chemical composition, SiO 2 , 92.6; Al 2 O 3 , 3.7; Fe 2 O 3 , 0.7; CaO, 0.5; MgO, 0.2; loss on ignition, 0.5 wt.% (total, 98.2 wt.%)). The sand was packed in a cylindrical tube of negligible thickness to produce a sand pack with a porosity of 39 vol.%. Two diameters of sand pack (90 voxel = 28 mm and 180 voxel = 56 mm) were used to examine how sample size affects cupping. The grain diameter of Toyoura sand is about 0.2 mm [28] , which is significantly smaller than the typical CT-slice thickness of a few millimeters. Thus, we assumed that the individual pore spaces and sand grains were indistinguishable and the sand pack was homogeneous due to the partial-volume effect [13] [14] [15] , and that the voxel-value distribution within the synthetic CT image of the sand pack would be homogeneous if the cupping artifact and filterderived Gibbs phenomenon were both negligible. It should be noted that our simulations are not for the segmentation of solid grains and fluid-filled pores using pore-or grain-scale images [8] .
The virtual Toyoura sand-packs were completely saturated with an aqueous suspension containing one or more heavy elements. The heavy elements were dispersed in pure water as fine particles [29, 30] much smaller than the voxel size of the synthetic CT image, which again yielded a homogeneous voxel-value distribution in the CT image if both the beam hardening (cupping) and filter-derived Gibbs phenomenon were negligible.
According to Nakashima and Nakano [10] , a heavy element induces less cupping the closer the energy of the element's K absorption edge is to the peak of the polychromatic spectrum of the X-ray source. Ten heavy elements used in medical and life sciences [29] [30] [31] [32] [33] [34] [35] were chosen as candidate contrast agents; 53 I, 58 Ce, 60 Nd, 64 Gd, 67 Ho, 70 Yb, 72 Hf, 74 W, 79 Au, and 83 Bi. The K absorption edges of the ten heavy elements range from 33.2 keV ( 53 I) to 90.5 keV ( 83 Bi), which covers almost the whole polychromatic X-ray photon energy-range of a medical CT scanner for two acceleration voltages (Fig. 1 ). The number of heavy elements was limited to 10 to keep the CPU time required for the simulations realistic. For each heavy element suspension, the concentration range was from 0 to 8 wt.% (in increments of 1 wt.%), with [39] . Energy-dependent LAC spectra for fluid-saturated Toyoura sand-packs (porosity, 39 vol.%) calculated by using the XCOM database [36] are superimposed. The four kinds of pore fluid chemistry are shown. Line profiles of the simulated CT images corresponding to the three kinds of the fluid chemistry (i.e., except for the case of H2O 100 wt.%) are shown in Fig. 3 .
the further constraint that the maximum total heavy elements in the aqueous suspensions containing a mixture of heavy elements was 8 wt.%, except for a pedagogical case shown in Fig. 2b . With these conditions, the various heavy elements were virtually mixed and suspended in water, and then injected into the simulated porous Toyoura sand-pack. As a result, the overall chemical composition (in wt.%) of the porous sand pack saturated with aqueous suspension containing heavy elements, essential to the CT image synthesis, was fixed.
The chemical composition data (in wt.%) of the whole sample were transferred to the XCOM database [36] to output the energy-dependent X-ray mass attenuation coefficients (MAC). The MAC spectrum can be converted into a LAC spectrum by multiplying the bulk density value of the sand-pack sample saturated with an aqueous suspension containing heavy elements. The bulk density of the sample was calculated as follows. We assumed that the fine particles of the heavy elements are made of a simple substance that possesses the solid grain density values available in the literature (e.g., 7.90 g/cm 3 for gadolinium, 19.3 g/cm 3 for tungsten, see [37] ). The saturated sand pack sample was assumed to be a mechanical mixture of water, sand grains, and the fine powder of the simple substance. It is then possible to calculate the bulk density of the mixture using the data on the density and weight fraction of each component [10, 38] . The powder-dispersed suspension model used in the present study may not exactly be valid for iodine and the lanthanoids because for these elements electrolytes (not insoluble fine powders) are often used as contrast agents. However, we have confirmed that this powder-dispersed suspension model reproduced well the experimentally measured bulk density values for dilute aqueous solutions of electrolytes (e.g., KI and CeCl 3 , see [10] ).
By using a personal computer (Intel Core i7 3970X CPU (3.50 GHz) running Windows7 ), we simulated 2-D CT imaging of the cylindrical homogeneous sand pack having the LAC spectrum calculated by the above mentioned method. The details of this CT simulation method have been described previously [10, 18] . Briefly, we assumed the use of a medical X-ray CT scanner that has the polychromatic X-ray source spectrum shown in Fig. 1 (acceleration voltage, 100 kV or 130 kV [39] ). The projection data acquisition system consists of a pencil beam and a single detector. The calculated LAC spectrum was combined with the photon energy distribution of the pencil beam shown in Fig. 1 to output a sinogram by using Beer's law. The number of projections was 805 per 180 • rotation. We used the sinogram to reconstruct a 2-D 16-bit CT image by using a convolution back projection algorithm with a Chesler filter. The field of view of the original reconstructed image was 160 × 160 mm 2 = 512 × 512 voxels (in-plane voxel dimension, 160/512 ≈ 0.31 mm) according to the specification of the medical CT scanner [39] ; the original image was trimmed to extract a region of interest (240 2 voxels = 75 2 mm 2 , see Fig. 2 ). We applied a line-profile analysis of the voxel values to the trimmed image exhibiting cupping to evaluate the effects of the chemical composition of the contrast agents on the degree of cupping artifact.
Results
Example reconstructed CT images of the sand pack saturated with a contrast agent are shown in Fig. 2 for a pedagogical purpose. The CPU time required to obtain a single CT image of Fig. 2 was about six seconds. The cupping derived from beam hardening is responsible for the inhomogeneous image showing that the voxels are dark in the sample center and bright near the sample rim. The difference between the two images in the figure demonstrates that the degree of cupping depends on the chemistry of the contrast agent.
Example effects of the pore fluid chemistry on the degree of cupping obtained by the line-profile analysis are shown in Fig. 3 . The line-profile analysis was performed as follows: the one-dimensional distribution of the voxel values along a horizontal baseline (Fig. 2) crossing the CT image was sampled. The voxel value near the rim of the cylindrical sample image is distorted by the reconstruction filter (e.g., the Gibbs phenomenon) [18, 24] . Thus, we discarded several voxels near the rim, and used two baselines: Fig. 3 . Example effects of the pore fluid chemistry on the degree of cupping for a specified sand-pack diameter (90 voxel = 28 mm and 180 voxel = 56 mm) and acceleration voltage. Line profiles along the baselines (see Fig. 2 ) for six fluid-saturated Toyoura sand packs are shown.
one 85-voxels long (i.e., 27-mm long) for the sand pack with a diameter of 180 voxels (Fig. 2) , and one 41-voxels long (i.e., 13-mm long) for the sand pack with a diameter of 90 voxels. The red and green line-profiles in Fig. 3 corresponding to the images of Figs 2(a), (b) , respectively demonstrate the evident dependence of the degree of cupping on the chemistry of the contrast agent. Two parameters, P min and Δ, were defined and calculated using the line profile to quantitatively evaluate the degree of cupping: P min is the minimum of the line profile (i.e., the voxel value at the sample image center); Δ is the difference between the maximum and minimum of the voxel values of the line profile. The parameter Δ is zero for a completely cupping-free CT image. In this study, the best contrast agent refers to the aqueous heavy-element suspension that resulted in the smallest Δ value for a specified P min value.
The unit of the voxel values obtained by medical CT scanners is conventionally converted from 1/cm into Hounsfield unit (HU), which is normalized using the voxel value of a bulk water sample [3] . We generated CT images of cylindrical samples of pure bulk water (i.e., without sand and heavy elements). The obtained (P min , Δ) values for the acceleration voltages and sample diameters shown in Figs 4a, 4b, 4c, and 4d were (0.235, 0.0026), (0.216, 0.0019), (0.231, 0.0052), and (0.214, 0.0038), respectively (unit, 1/cm). As these Δ values were small and the P min values were almost identical, for simplicity, we used a single value of 0.224 1/cm, which is the arithmetic average of the four P min values, to convert the voxel values from 1/cm into HU: voxel value (in HU) = 1000 × (voxel value (in 1/cm) -0.224)/0.224. Hereafter, HU is used as the unit of the voxel value (not 1/cm).
The results of the search for the best contrast agent are summarized in Figs 4 and 5. The number of data points (black circles), which represent a mixture of all 10 heavy elements (i.e., I, Ce, Nd, Gd, Ho, Yb, Hf, W, Au, and Bi) is 43,758 in Figs 4(a) to (d) . The results obtained for aqueous suspensions of a single heavy element are superimposed on top (i.e., single-element suspensions of I, Gd, Ho, Yb, Hf, W, Au, and Bi). Analysis of the results revealed that mixtures of only four heavy elements produced the smallest Δ value for almost all specified P min values. Thus, we performed additional simulations for different mixtures of four heavy elements (Figs 4 and 5) . In these mixtures, the concentration of each heavy element ranged from 0.25 to 8 wt.%, and the maximum total heavy elements in the aqueous Fig. 5 ). LAC spectra of sand-pack samples saturated with A2 or D2 are shown in Fig. 1 , and the corresponding line profiles are shown in Fig. 3 . A CT image of a sand pack saturated with D2 is shown in Fig. 2a Symbol in Fig. 5 The concentration was increased in 0.25 wt.% increments, which provided four times the resolution of the simulation for the mixture of 10 heavy elements. This high-resolution exploration enabled the dense plotting of the orange data points in Fig. 5 , which was essential for the accurate determination of the contrast agent with the best chemistry. Table 1 shows eight examples for the mixtures of four heavy elements that produced the smallest Δ value for a specified P min value in Fig. 5 . We also examined three additional mixtures of series of ten Z-heavy elements: 63 Eu to 72 Hf (sandpack diameter, 90 voxels; acceleration voltage, 100 kV), 66 Dy to 75 Re (sand-pack diameter, 90 voxels; acceleration voltage, 130 kV; or sand-pack diameter, 180 voxels; acceleration voltage, 100 kV), and 70 Yb to 79 Au (sand-pack diameter, 180 voxels; acceleration voltage, 130 kV). However, we found no significant improvement compared with the mixtures of four heavy elements. Therefore, the results for these additional mixtures of ten Z-heavy elements are not shown in Figs 4 and 5.
The P min of the sand-pack saturated with pure water exceeds 1000 HU, which is clearly larger than that of bulk water (≈0 HU) (Fig. 4a-d, arrows) . This means that a contrast agent with a larger concentration is required compared with that used for the imaging of the soft tissues of humans and animals, which are typically much lower in density. However, high-concentration contrast agents induce marked cupping. The degree of cupping, Δ, shows clear Z-dependence (see colored lines in Fig. 4 ). This is a consequence of (i) the suppression of beam hardening occurring due to the K absorption edge at which the X-ray absorption abruptly increases and (ii) the energy of the K absorption edge being strongly Z-dependent [10] . As a result, each heavy element shows a unique trajectory in Figs 4 and 5.
Discussion
The interpretation of Figs 4 and 5 is shown in Fig. 6 . The numerous black and orange data points in Figs 4 and 5 fall within a triangle-shaped grey region in Fig. 6 . One of the three edges of the triangle indicated by a broken line (i.e., line AC) represents the worst fluid chemistry because it yields the largest Δ value, Δ 2 , for a specified P min value, P 1 ; another edge, solid line AB, denotes the best one because it gives the smallest Δ value, Δ 1 , for the specified P 1 value.
In two-phase Darcy flow laboratory experiments [3, 4, 15, 27] , porous media saturated with contrast agent-free pure water (e.g., case A in Fig. 6 ) are contiguously injected with fluid having a contrast agent, and the time-dependent degree of the local fluid replacement is monitored by the partial-volume effect [13] [14] [15] in CT images. If Δ 0 = Δ 1 in Fig. 6(b) , the cupping effect is derived only from the sand Table 1. grains and the contrast agent superimposes no cupping on the CT images. This pre-existing cupping derived from the sand grains before the fluid replacement can be completely canceled by taking it as a reference image during the image subtraction processing [27] . Thus, the case Δ 0 = Δ 1 is ideal because no cupping-derived error occurs in the calculation of the degree of the local fluid replacement. Unfortunately the simulation results show that Δ 1 is slightly larger than Δ 0 in Fig. 5 , and the best line AB is not horizontal but inclined in Fig. 6(a) . As a result, a certain degree of error derived from the slight difference of Δ 1 and Δ 0 inevitably occurs even for the best case in Fig. 6 . However, Fig. 5 shows that 
suggesting that the use of the best contrast agent greatly suppresses the cupping artifact derived from the contrast agent compared with that of the worst contrast agent. Thus, it is meaningful to choose the best contrast agent for the CT image-based calculations of the relative permeability curve and residual oil saturation [12] by means of the partial-volume effect in two-phase Darcy flow experiments [3, 4, 15] . The use of iodine as a single heavy element corresponds to the worst case in Fig. 6 (a) because it yields very large Δ values compared with the other heavy elements (see purple lines with circles in Fig. 4(a)-(d) ). This is a consequence of the K absorption edge of iodine being located at 33.2 keV, which is far from the peak of the X-ray source spectrum (Fig. 1) , and the beam hardening reduction by the abrupt increase of the LAC at the K absorption edge does not work effectively. Iodine was not included in the six heavy elements listed in Table 1 , indicating that mixing of iodine with other heavy elements does not contribute to the beam hardening reduction. Thus, we do not recommend iodine as a contrast agent for geotechnical CT experiments using high-density samples. Figures 3 and 4 show that aqueous suspensions of a single element much heavier than 53 I induce markedly less cupping. The use of elements ranging from 64 Gd to 79 Au is recommended ( Figs 4 and  5) ; for example, in Fig. 4(c) , an aqueous suspension of 67 Ho (blue line with circles) produces about half the cupping compared with an aqueous suspension of iodine (purple line with circles) for the same P min value. It should be noted that 64 Gd, which is recommended for the imaging of the low-density soft tissues of humans [25, 26] , is not always the most suitable contrast agent for high-density sand-pack imaging because elements heavier than gadolinium generally yield even smaller Δ values (Fig. 4) .
Nakashima [27] performed a CT imaging experiment by using a Toyoura sand-pack (diameter, 56 mm; porosity, 39 vol.%; acceleration voltage, 130 kV), and found that an aqueous solution of a tungstenbearing electrolyte (Na 6 H 2 W 12 O 40 ) markedly reduced cupping compared with a KI solution, showing that tungsten is a potentially useful contrast agent in hydrological CT experiments. This finding is confirmed in Figs 3 and 4d where an aqueous suspension of tungsten yielded much smaller Δ values compared with iodine.
The best contrast agents in Fig. 6(a) are the mixtures of four heavy elements from 64 Gd to 79 Au because the mixtures yield the smallest Δ value for a specified P min value throughout most of the conditions examined (Figs 4 and 5) . The LAC spectra in Fig. 1 for the optimized contrast agents listed in Table 1 have flatter, less energy-dependent distributions compared with that of iodine due to the combined increase in LAC at the four K absorption edges. Flatter LAC spectra yield less cupping (Figs 2a  and 3) . As the X-ray passes through the sample or the acceleration voltage increases, the X-ray spectrum becomes hard [6] , resulting in the rightward shift of the spectrum peak in Fig. 1 . Thus, a heavier element with a K absorption edge occurring at a larger energy is required to effectively suppress beam hardening. As a result, the atomic number of the most suitable four heavy elements increases with acceleration voltage and sample diameter ( Table 1) . Less toxic and chemically stable compounds containing lanthanoids, hafnium, tungsten, or gold have previously been used as contrast agents in the medical and life sciences [29, [31] [32] [33] [34] [35] . Thus, it is straightforward to mix the compounds to prepare the contrast agents listed in Table 1 .
In relation to the current study, the following points should be noted: 1. The best contrast agent depends on the acceleration voltage and sample size (Figs 4 and 5). Although the results are not shown, we performed supplementary CT simulations showing that the best contrast agent depends also on the chemical composition and porosity of the geo-material being imaged. Therefore, further CT image simulations should be performed to find the best contrast agent for the size, chemical composition, and porosity of the sample being examined, and the acceleration voltage being used. 2. When using bare heavy cations such as Yb 3+ as contrast agents, the ions may be immobilized on the negatively charged mineral surfaces of geological samples such as clays [39] . The use of a chelate complex [34] is a possible solution to this problem. 3. The present study is focused on the reduction of the cupping effect inside homogeneous samples.
Another artifact derived from beam hardening can occur for the hydrological CT of the preferential flow in macroscopic pipes/fractures inside heterogeneous porous samples; it is a dark streak artifact which arises between two pipes/fractures having bright voxel values. The dark streak artifact also reduces the accuracy of post-CT outcomes such as image-based calculation of the degree of the local fluid replacement using the partial-volume effect. Fortunately, previous studies [9, 26] reported that the reduction of the cupping artifact also yields the reduction of the dark streaks. Thus, the outcome of the present study for the reduction of cupping would also contribute to the reduction of the dark streak artifact critical for the hydrological CT experiments of the preferential flow in macroscopic pipes and fractures. 4. Our method presented here does not exclude the simultaneous use of other conventional techniques to reduce beam hardening. For example, if the increase in random noise that occurs when the intensity of the X-ray is decreased is allowable in terms of the research being undertaken, doing so, together with using a metal filter [20, 21] , is a possible solution for further reducing beam hardening artifacts.
Conclusions
To facilitate the nonmedical application of polychromatic X-ray CT systems to the quantitative analysis of high-density samples, computer simulations were performed to optimize the chemistry of contrast agents to induce the least cupping in a fluid-saturated porous sand-pack image. Iodine, the most commonly used contrast agent in earth sciences, is not recommended because it induces marked cupping. This is a result of the K absorption edge of iodine being far from the peak of the X-ray source spectrum. A single element heavier than iodine, ranging from gadolinium to gold, induced less cupping artifact. A carefully optimized mixture of four heavy elements chosen from gadolinium to gold induced the least cupping.
